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AIMMV.  Wave-pw[ic]c intcrac[ions m fun(lamct)t:ll  to all co] Iision]css pl:wmas, from (I]c

instabi]i[ics gct]cratit)g  t h e  W;IVCS to t h e  IT SOI)WII it)tcractims  which  CNISC  pi(cll-an:,lc

sca[[cri]~g, par[ic]c  cncl.gy diffusion and cross-f icl(l  diffusion of par[iclcs.  ‘1’hcsc figures

N)(I (CX( were dcvc]opc(l for (1)c 1995 Au(un)n  Col]cgc of l)]asma l%ysics,  hcl(l in ‘1’rics(c,

IItily, and were aired al cxp]ainit)g,  this phenomenon to a vati:]blc audicncc,  from gtwllul(c

plasm:i  physics students to rccmt 1’11.1). fellows. S() [])(I[  (hc gc])c];il AC; (J mcn]bcr  IWly

follolv”  this discussion, 1 will discuss only tllc simplcs( collccp[s wsing lll)(lC1’~1’il(lllil[C

clcdricity  and m:ljyw[ism. 1 ‘or wave-pwliclc itlterwlions  in~olving,  c’lcc[tol]]:lp,l)c’lic  u’;lvcs,

cvcrylhing  iscxplainablc by the l,orcnt7,forcc.



]~’]’]<()]){](’’ j’]()~

l;qll;ltiml  1) i s  [hc l,orcnt~  force in cc]lti]]lctcl-gt:l]  ~]-scco]l(l (cgs) units. A  p:lt[iclc with

chwgc q moving wi[h vcloci[y  il WKMS a nwgt)dic ficl(l 0 1  strcng(h ii{) cxpcricnccs  a

l(J]cc\  41}icllis  o]lllogo]12\ltol]  otl]” V ad iio. Il]tllc cxl>]cssiolll>  clo\*’,cis”  (IK’ vcloci[y  of

light.

(1)

l;i~urc 1 illtlstl;llcst  l)issi[ll:lliollf  or:l”  posiliwly  cl)argcd  ptliclc  (c.:., ii pr(~lon) ]Imvitl:

cx;lctly  ]~c]j~c]l(liclll:tl  10 a uniform magnc(ic  field, l~(). l;l, = qVlllJc. \Tl is the l’clocity

con]pomnt  j>c]l>c]l(liclll;ll  to l~c) and in this cmc V, = V. ‘1’hc 1 .orctlt7 force is lxtlancd  by

IIK centrifugal force mV ~ /r, where m is the pdrtic]c mdw dn[l r is the patliclc ~,yromiius.

Iiqu;iling tilcsc IWO forces an(i solving for r, (JIIC gets r = 1’, c/qll{), where 1’, is Iilc pdr[iclc

i}C1’l>Cll(iiCLllill’  lllolllClltlll)l. i n  this uniform mdgnctic  ficlci,  li]c ixw{ic]c  cxilii>its  a circlllar

I]mlio]l about ti~c m:lgnctic  ficl(i whctk’ (IIC frc(iwncy of  nm[ion$ 2ns/V, . is cqun] 10

IM/Ci 11O. the cyclotron  (or 1 Armor)  frc(lllctwy, f), of ti]c chargc(i imliclc.



Assoc’ialcd with Ill.? v [ C’(mlp(mm. AIIlmIgh  the direction clmngcs, the magnitude of’Vl

rem; lills uncluingcd.  A posit  ilr]y charged p:w(iclc thus moves in ii lcf’[-han(l  spiral motiml

alotlg the n]:ignclic  fic]d. ‘1’his h:mdcdtlcss is itnpor[mt  fol’ rcson;inl inlcractions,  as \\rc will

illtlstratc  l;ttcr.  l’ositivc ions g.yratc in d le f t -h ;md sense  rcldtivc to iii), indcpcndcnt  of

\tJllctl]cl[ llcy:llc]] ](J\itlg;il(~]lg  1~() ~)r:ll~[i]~:t[;[llt’1[()  Iio.

opposi(cto(hc  gradient, Hnd lhus “rcflcclim”.

fl/~()/g(,



(3)

the lcf(withl~ll  itlcrc;isillg(;ill(ll{l  dccrcasin:).

A m:lgnc[ic Imt(lc has positive gmlicnts a( both cn(ls of the ficl( litlcsllsissll(~l;llill  l;igurc

4. l’ar[ic]cs with ]:lrg.c pilch mglcs wc “trapped” and will lulvc (WO mirror points. ‘Ihc

pwlic]cs  will bounce back w)(I forth bclw’cct~  i(s lllitror points. IIowcvcr, par(iclcs tlw[

l]:i\c'( )''j>itcll; ltlglcs(  )r:\llglcsc  l()sct()()[  will lnirmr at only cxltrnlcly  high field s(rc’ng[lls

:IHCI will II](Is  cscapc  oul [hc ends oflhc lmtllc.

l~`()llc  lJcll(ls [llclillc>s  of fc)lcc, t():isll:i]lc(  )l:l(li]>()lcf  icl(l  (l;igurc4, lmttoll)),  \\’c  lulw’ [IN

general slmpc  of plmctwy  t~~:l~.t~c(os]>llclic  fields. ]’111’[iclcl”;l(]i:ltioll,  slich as the Van AIIcH

rddiulion  l> Clts, dl”C (1’il]>pC(l 011 [llCSC fields. ‘Ihc puliclcs gyrd[c  abm[  [hc magmlic  fields

im(l IIlso bOllll  CC back and  follh  bCt  WJCCll  their mirror poinls. I 1OW onc gets pwtiulcs on

tllcsc  trapped orbits is :Inothcr  problcm. onc way is 10 haw cosmic rdy p{lrliclcs  ha\’c

nuclear intcmlions  with upper atlmsphcrc :ito]m and mo]cculcs. NCUIIOHS  pr(xluccd  in

these ill[cl;lctiolls(lcc:l~~  il]lo131(~t(jtls2111  (lclcctlolls\$~  itllil}”  the lll:lgllctos}lllclc”  popul:l(ing,  (hc

bcl(s. 'l`l~c`sc:~tcc:  illt`(iC `l<AN1l( c()sl~licl  [~y;~ll~c(l()t~  cll(l()t~(lc  c:]y)l>:i](iclt`s.

‘1’IIc  “IOSSCOIIC””  is(l]ccc)l~c  [~ f]3itcll:lllglcs  \!itllill\  \llicll]>  :ll(iclcsill  (llisc(Jllc:ll  `~` lost 10 tllc

llppcr  atmospllcl’c. ‘1’hc  p:lr[iclc II)ijlol])oillls”  wc d e e p  in Il)c a[lllospllcrc  ;111(1  Ihc patliclcs

lllllsl(Jsc tllcilc llclgyl>  ycollisiolls\\’i  tlJ” :ltlllc)s]>llclic/iollos]>llclic>”  ;Itoms dwl molccLIlcs  and

5fl/~()/g(,



(lo 1101 1’1’1111”11 10 the IIl:lgllctos])l)  cl’c. ‘IILIs, the lll;tgtlct(~sj~llcric  c(]ud(oridl  phase spdcc

(pilch aI~glc)  (Iis[ribll[ion  has signtlturcs (hat looks like l;ip,ure  5:1,

‘1’hc sim of the 10ss cone cm bc c:llcul:ltcd  by assuming consl:iwy  of the firs[ dih(ic

illv[lri:lnl  p, p i s  c(]ual  to I\l /]lO. lhr the dipole licld shown in l;iglltc 51>, wc cdctll:[lc the

‘1’1)11s, 101 tllc  loss Collc WC h;l\’c:

sin2 u,, =  ll,,,l/llhlll,,,, ( 4 )

‘1’llc V:llllcs  for 13,,, :111(1  11 ~,1,,(), cm bc calcwlalcd :lssumin~ a dipdc  fick] dcpcndcncc  will)

dis(ancc, lVr3 = const;int. At the 1 krth,  the surface cqllatorial  I-icld is ~~l~]>lt)xi[l~:~tcly  ().3

Gallss. ‘1’hus for :Iny dipole field line, (lx- 10ss cmc (’w] bc c;t$ily  cakwlatcd.  l;or any

Il;lr(iclc wi[l~ pitch an~lcs al the Cqlltllor  \\itll U < (1,, . such (hal the hcigh( 01 the mimr point

is wi(hin (hc upper almosphcrc,  lhc p:ir(ic]cs arc 10s[ by collisions \\illl ncutra]s. in tllc

expression, q, is (hc pitch anp,lc dt (IIc edge of the 10ss cone.

‘Illc l{w(h’s field is not a pure dipo]c. ‘Ihcrc arc vdri:itions  in the local  surf’acc  f i e l d

s[rcng(hs. OK’ area, called [hc Iltwili:m atwm;lly  (prrviows]y  talk’d [lx’ SmI[h  Atlwlic

AncJ]]):Lly,  but (his m:lgnc(ic  region has rL’cclll]y  drif(cd  illlolld)  is :1 l“cgioll  of ]OW lllilp,llCliC

fic]d slrcnglh,s.  II] this rcgim,  [lx’ n)agnclic  f’iclds arc w’c;]kcr  Hnd clmrgcd p;irliclcs  IIlim)l

4/2 ( v(x) ()



d{ Iow’cr altitudes ml arc 1OS( through collisions. Siltcllitcs  passing through (his region

musl cnd LIrL’ lligllctl:i(li:lti(~ll  (ioscs.

II) expression (5), (tlan(lii m’ the w’avc fl”c(]m’llcy :IIK1 k Vcclol’, and n i s  ;III intcyr

C(]lull  to (). ~ 1, ~ 2, . . . . ‘Jhc :Ilmvc expression Ill:ltllctll:ltic;llly  shol~’s  (1);1( Icsoll:lllcc

occurs w’hcn  (hc wiI\Ic is IJoj>]llcl-sllif[c(l  to (hc par[ic]c cyclotron  frequency by Ihc fw’(or

k V, (hc relative motim bctwccn  the pwliclc  md Ihc wnvc.

1 ‘or i]lustrativc purposes, wc will only dcscribc  the lirsl order rcson:tncc (n = 1 ) and will
.

:Hsumc  that the wave k is oriented alons  tk magnc{ic  field dircc(ion.

‘1’1]11s (5) simp]ifics 10:

If (IIC frc(]llcllcy  of the \$’:l\’c and the local  :,yl’oj’l’L’(]LICllCy  of the partiu]c  :11’c kllowl), (hell  tlK’

]x~r[iclc  rcsondncc  e n e r g y , cm] lx’ c:ilcwlatcd.  ‘1’lwrc  arc scvcrdl  simple steps 10 F,CI f rom

cqllation  (6) to (7).

(7)

4/~()/9()



1 ‘igurc 6 illus(r:l(cs  the spatial v:wi:ition  of the wave (l>cl(llll>ii(iot~)  m:ynctic  vcc[f)r  a s  d

Iunclion ofdis[mcc alongthc  mqglctic  field. IIcrc wc will illtlstl:ltcc  ilulll:llly-lJol;  lli7c(l,

{tting clcc(lc)tll:lgllctic  wdi’cs. ‘1’here arc Iwc) lmic  Iypcs of ]Jol:lliz:itioll,”

Ialldcd. lilliptical  or lincdr llol:ili7;lti(Jlls  :Lrc combin:[(ions 01 these two

111 a ln:lgnclizcd  plwmn, lcf[-h:md  po]arizcd waves can cxis( at frcqucncics up I(J the  ion

Cyclotron frc(]ucncy. A t  (IIC high cn(l ofihc  frcq LIcIIcy  ratl:c, this ]mxlc is cdlld w ion

cyclotron wii\’c. A(lc)\$'  flc(]tlcllcics,  tl~isl~~()clcl  ~l:ll>si llt(~tl](`A  lf\Jdl~]~~()(lc  branch. Rigl~l-

l]:iII(l\\:i\Jcsc;It] exist up 10 the clcc(mn cyclotr~m  frcqucllcy. ‘Ihcsc waves arc dispersive

(in this cmc, l]i~l]crflc(]tlc]]cics  have llighcrphmc  vclocitics).  and when (hey tra~cl my

substantial dislanccs, the  h ighes t  lrcqucncics  arril’c first. 1 ,igllttlitl:,-gcllcl’~  ltccl

clc’cl]{ll]l:igtlclic  noise Imvcling wilhin :! plasma “dud” (:lficl(l-aligned density enllanccnwnl

ordcplctim withAp/p>  5%) fml]]  OIIC ])]iigl)~tos])l)clic  hci~~ispl~crc  to t h e  O[hCI. c])(1s  tIp

ll:i~’illg:i  li~llistlillg  sc)llll(l, thus the IIalm’ “whis(lcr  mode”. AI low, or Ml]]] frcqtlcncics.

(his wdvc mdps into the magnc(osonic  nlodc.

‘1’hc po]:~riy,;llion  of W:IVCS i s  d e f i n e d  b y  t h e  s e n s e  o f  mld(i(m 21)011(  the aml)icnl  m+ylclic

ficl(l.  ‘1’his  is itl(lcpcn(lcnl  of (1IC (Iircclion  of propag:ilion. ‘1’hc s:Ilnc is Ink’ for posi[iic ion

(Icf(-l]and) :Ind clcc(tol) (righl-hdnd)  p,yromolions alml[ Ihc ma~,nclic field.

4po/9(, 8
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energy ]xwliclcs from the ]l]ttgtlc(c~sllciitl]  extend (Ilis energy [0 -40 kcv. 111 the colml:u”y

case, neutral Ill{)lccLilcs/;ilc)Il)s  sub] ilmtc fro]]] (IK nuclcLIs  d< (Iw comc( H]ymwhcs the Sun.

‘1’his nculral cloud C:LH bc - 10(’ km in r:idius. ‘lhc ]lllc)toiol~iz;ltiotl  :md charge cxchangc  of

colm’(:iry  1170 group ncu(rals  (1 170, 011, ()) lead 10 the form:l(im of a “beam” in the SOIW”

wind frdmc. l;O1” the insl:~bili(y,  the typical kinetic cncr.gy  of Ihc ions rcl[ltilc 10 (IKI sol[tr

wind p]asn)a is 30-60” kcV.

‘1’llc sallw  :tllolllalous  c y c l o t r o n  rcsonatl[  in[crdc(ions  occur  bc[l!ccn  clcc[rons  :in(] lcfl-hiln(l

1)10(11”  \i’il\~cs. 1  lowcvcr,  s i n c e  Ihc lcll-hdn(l  NJ;IVCS  arc {it lrc(lLlcncics  l}clo\\I lhc ion

cyclotron  l-l”(xplcllcy  (n Vdllc  fill’ below the Clcc[l”(m cyclotron frc(]llcllcy),  K’sol]ilnt  Clcc(rons

nrc typic ;llly relativistic in cncrgics (l; ll > 1 h4c V) for [his in[crac[ion, l;}ctl w, it i s

Spccllllllcd (lull  such d]] instability is occurring ups(rcam  of lhc .lovi:ln llltlgtlL’losj>llctL”

I>crll:lps  dLlc 10 lc;Ik[Igc of .lovi:ln  radi:llio]]  bcl( c]cclrons.

10



l< CSollilll[  wave-]xw[ic]c ill[C1’ilC[iollS  CKCIII’ 01)  Iimc  SCdlCS Sll)illl  COl)lp:ll’C(l  10 [IIC CJJClotl”oll”

pcri(xl, IIILIS Ihc lirsl :l(liiibll[iC  invari;lnt  II is 110[ CollSCl”\’f.’(l. ‘1’llCloI:ll  CllC1’g~  Of (I1C  13ill”liClC

isnot  consrrvui.  'l'()scc  this, i;'ct`x:llllillr  (l]ccllclgy(  )fll]c`]]:il(iclc in (hcrcs[ f’ratnc  of the

\Vil\’C. 1 ICI’C tllC IOI;II  C’llCl’gy is CollS(illlt:

l/2mv,2i l/2111  (vll-vl,l))2  =col]st:lllt (8)

(9)

,1/20/9(,



1 ‘or \va\’cs  will) electric field amplitwlcs,  1 i,,, the pwliclc’s  pcrpcndicul:~r  kinetic cncrg>

incrcascs  or dccrcascs  dcpcn(ling  on the phsc of Ihc wI:Itk’ will) rcxpccl  to lhc pwliclc. ‘Ilw

silll:t(iol~  for incrc;lsd  11, is sllow’n ill l;ig,urc’ 10. Analog(NIs atg[llmn(s  c[i[j lW HM(IC for

w;lvc-]~[wliclc il)tC1’W[iollS  (]11(’ t o  C] CC(l”OS[:l[i  C \V:l VCS 01”  [hC clcclric coIH]mKI)t  of”

c’lcctr(~lll:lgllctic  wtivcs. Wc have lcf[ the dcl;lils of [hcsc in(crac(ions as cxcrciws for (IK

rcil(lcr.

‘1’llc  I>ilcll atlg]c (Iiffllsion  I;IIC is [IILIS:

‘1’hc ti}~w At is the timr a p:lrliclc  Ak/2 out of rcsonancc  changes its phmc by onc r;ldilts, or

Al G 21AkV11.

4/20/96
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II wc subs  litu[c tl]c expression for 1),,,,,into the Kennel-1’c(schck ( 1966) expression (their

cqll:llion  1 4), f~~r Condi[i{)ns m’here L2T >>1 and TL. I.I. ,, ] / ]){1([ Lvc cm uppoximatc [lK’

cross- field diffusion ra(c (’1’sllrulwi  and ‘1’hornc,  1 982) by:

()
‘)

11, /L’.~pTL.,f.=  2 1(JI1 - l),,,,,\l ) l , l l .  =
\\

(]())

1 ‘igurc I 1 shows the process of cross-f icl(l diffusion (Ilw to rcs(mmt  wdvc-pw[ic]c

in[craclions. ~~() is (1IC origin:ll  guiding  ccn[cr. Af[cr pitch at)~lc  sc[l((cring,  1}{, is tl~c nciv

~Tuiding  ccntcr.t. ‘1’hc pdrlic]c has “diffused” dcross the mdgnctic field line.

1 ‘1 NAI . (’0h4h41 iN’1’S

AcktIot~IlccigIl]cl~ts. 1 wish to ll):mk  I’rofcssor  1]. llu(i  for the inl’itation  to lccturc  al the

‘1’ricstc,  l(:lly SLI]]]ll]C]SCI](JOI,  sponsored by LJN1iSC’(Mt:Ily. 1 would  also Iikc to [hnnk

lIcr, ~’.  ]Io, .I. Arb;illo,  J]. [iol(lstcin  ;u](l  R. ‘1’hornc  for cri(ical rc:iding ancl  cO1l]I]lCI]IS  01)
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Illc mmllsclipt. .1. Arballo  mxlc [hc cxccp[ional]y  nice figures. 1 would like 10 particularly

Ihmli t h e  ‘1’ricsk ALIILIIHII  Collc:c of 1’I;ISIIUI l’hysics  s[udcnts, fwlllty  llK’ml)crs  :11)(1

visiting scholars for their cntl]llsi:ls(ic  rcccption  of Ibis lalk. ‘1’heir kind ci)coLItlIg,L’]]lrI)[  lc(l

10 ll)c wrilc-up  o f  this pmliculw  lcc(Llrc. l’orlions  01 this work  were pcIforIncd  al lhc .lc(

l’rolusim 1,alxmtory,  [hliforni:l lnsti(u(c of ‘1’cchIIology, I’:IS;KICIIII  un(lcr con[rw[  \\i(tl (IK

Niltio]]itl  Ac~{)]]illltiCs  :it~(l S]~iiCc A(lll~illis(l:l[ioll.

Kcnnc

Rcfcl’cnccs

, c .  l;. :111(1  11. 1;. l’ctscl)ck, .imit 011 Stilbly  (1’ilppc(l  par[iclc  ilLIXCS,  ~ .  fiC()])h~S.

I<CS. ,_71 , 1, 1966.
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1 ‘ig(lrc  (’ilpt  iollS

l:igurc 1, ‘1’llc  1 ,Orcntz  force :111(1  :1 positively cll[lrgcd ])ill’(iCIC  gyronmtion itl ii uniforln

magnclic  field.

l:i:,utc 2. ‘1’IIC  “pitch” angle of a positively ch:ll’gcd ])ill”[iCIC.

I ~igllrc 3. A schclnat ic illLls(li]til]g  tl)c mirror force.

l;i,glltc  4, A magnetic l>oIIIc 10]’ ]~l~i~]l]ils.

l;igllrc 5. ‘1’hC 10SS COIIC ([I) illl(~ illll’01’tlS  (b)  [lSSOCi:l[C(l  Wil]l  p:ll’(iCIC  ]Ji[cll  :lllglC  SCil[[C1’il)p.

inlo IIK- 10ss cone.

liigllrc  (). 1 /cfl-

ZI /J()/()()

):111(1 :111(1  1’ $11[-11:111(1  Cil’CLllill’1}~ polarized CICCtl’ol)lilgllCli C t\’dVCS.
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l;if.urc 7. Normal f i r s t - o r d e r  cyclo(r(m  rcsonancc  bc(wwn  clcc[tollliigllc(ic  circ’ul:irly

pol:triA  w[tvcs and charged  pw(iclcs.

1 ‘igurc 8. Anomalous cyclotron rmonancc  lw(wccn clccttol~l:lgtletic  circularly pol~lriml

w:Ivcs  ;Ind charged parliclcs,

l;ip,llrc  9. l’itch angle sc[l[(cring  by rcson:ml  clcctloll]il~.tlclic  waws.

l;i:,urc 1 (). l’ilch an!,lc  scill(cring  by rcsondnl clcclmslalic  \\’: I\’cs.

l:ig,urc  11. l’arlic]c cross-field diffusion by :1 rcsonanl  in[crac(ion wilh w:ll’cs.
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